The reduction of suspended solids, nutrients, and organic matter loads in drainage water from 4 paddy fields is an important issue for water quality management in closed water areas in 5 Japan. We evaluated the ability of cyclic irrigation to reduce the suspended solids load from 6 paddy fields. In 2006 and 2007, we investigated water and mass balances during the irrigation 7 period in a low-lying paddy-field district neighboring Lake Biwa, which is the largest lake in 8 Japan. We confirmed that cyclic irrigation reduced effluent loads during the puddling season. 9
turbidity readings to suspended solids content: calibration was performed by developing a 1 relationship between field-measured turbidity and laboratory-measured suspended solids 2 concentration of drainage water samples taken concurrently with turbidmeter readings. 3 Fig. 2 is a conceptual diagram for water flow in the district. Rainfall, air temperature, wind 4 velocity, relative humidity, and solar radiation were measured at the southern pump station. 5
The flow rate of drainage water was measured using 2150 Area Velocity Flow Module flow 6 meters (Teledyne Isco Inc.) installed at both ends of the main drainage canal. 7
Evapotranspiration was estimated by the Penman method (Penman, 1948; Miura and Okuno, 8 1993) using data collected at the southern pump station. We estimated the volume of pumped 9
water by multiplying the operating duration of the pumps by their capacity. We did not 10 measure subsurface percolation from the district, but assumed it to be negligible because the 11 district is low-lying and close to the lake, and the groundwater level is high. We measured the 12 irrigation and runoff water flow rates delivered to and drained from each paddy plot using a 13
Parshall flume set at the inlet and a triangular weir set at the outlet. We estimated the volumes 14 of irrigation and runoff water to and from the paddy field by averaging the measured values 15 for the paddy plots. 16 17 Table 2 shows the water balances in the paddy field during the irrigation periods. The large 22 amount of runoff water during the 2007 mid-summer drainage season was due to rainfall and 23 the temporary removal of shuttering boards at the outlets of the paddy plots during the 24 irrigation season. The difference between total inflow and total outflow (which equals the sumof stored water, leakage from paddy levees, and percolation) was 771 mm over 130 days in 1 2006 and 577 mm over 127 days in 2007. From these results, we calculated that water loss 2 from the paddy fields by leakage and percolation was less than 6 mm d -1 during the irrigation 3 period. 4
Results

19
Water balances 20 21
The amount of surplus irrigation water can be estimated as the volume of pumped water 5 minus the volume of irrigation water used in the paddy fields (evapotranspiration plus 6 percolation plus leakage). Total amounts of pumped water in the irrigation periods were 1737 7 mm in 2006 and 1681 mm in 2007, and the amounts of surplus irrigation water were therefore 8 1226 mm in 2006 and 1112 mm in 2007. We defined the surplus irrigation water ratio (α SW ) 9 as the ratio of surplus irrigation water to irrigation water. The overall surplus irrigation water 10 ratio in the district in the irrigation periods was 70% in 2006 and 66% in 2007. 11 We measured daily variations in rainfall and drainage water from the district through the 12 floodgates (Fig. 3) . Drainage water was not released during the cyclic irrigation periods, 13 except during rainfall events, whereas during the lake water irrigation periods drainage water 14 of more than 10 mm d -1 was released even on sunny days. The amount of drainage water 15 discharged from the district on sunny days during the lake water irrigation periods nearly 16 equaled the amount of surplus irrigation water, suggesting that cyclic irrigation reduced the 17 outflow of surplus irrigation water from the district. 18 Table 3 shows the water balances in the district during the irrigation periods. Although the 19 amounts of pumped water during the cyclic irrigation periods (1111 mm in 2006 and 962 mm 20 in 2007) were larger than those during the lake water irrigation periods (626 mm in 2006 and 21 719 mm in 2007), the amounts of lake water intake during the cyclic irrigation periods were 22 less than those during the lake water irrigation periods, because pumped water was mainly 23 supplied by the reuse of drainage water during cyclic irrigation. The smaller amounts of 24 drainage water discharged from the district during the cyclic irrigation periods were also dueto the reuse of drainage water. The amounts of reused water (pumped water minus lake water 1 intake) during the cyclic irrigation periods were 977 mm in 2006 and 788 mm in 2007. 2
The characteristics of cyclic irrigation can be described by two different parameters (Kudo 3 et al., 1995) . One parameter is the ratio of reused water to pumped water (reused water plus 4 lake water intake). Here, we refer to this parameter (α CI ) as the cyclic irrigation ratio. The 5 other is the ratio of reused water to potential drainage water (reused water plus district 6 drainage water discharged from the district), which is referred to as the recycling ratio and has 7 often been used in previous studies (e.g., Kubota et al., 1979; Hasegawa et al., 1982; Hitomi 8 et al., 2006) . The recycling ratio depends more on drainage water than on reused water; in 9 other words, the recycling ratio is affected more by water management in the paddy field and 10 by weather conditions than is the cyclic irrigation ratio. For example, an increase in irrigation 11 water into the paddy fields leads to a decrease in drainage water discharged from the district 12 and results in a larger recycling ratio. Alternatively, in the case of cyclic irrigation after a 13 rainfall event, increases in drainage water discharged from the district decrease the recycling 14 ratio. Because of these problems with the recycling ratio, we have only analyzed and 15 discussed the cyclic irrigation ratio in the rest of this paper. 16
The mean cyclic irrigation ratio of the weekly measurements during the cyclic irrigation 17 periods was 88% in 2006 and 82% in 2007. 18 19 
Mass balances of suspended solids 20 21
We measured temporal variations in the drainage water suspended solids concentration at 22 the southern end of the main drainage canal during the irrigation periods (Fig. 4) . during the puddling season (from late April to mid-May) and during heavy rainfall events; thesuspended solids concentration was more than 100 mg L -1 at its peak during the puddling 1 season. The suspended solids concentration on sunny days during the cyclic irrigation periods 2 after the puddling season was about 20 mg L -1 and was higher than about 10 mg L -1 on sunny 3 days during the lake water irrigation periods. The suspended solids concentration in irrigation 4 water during the suspended solids periods nearly equaled suspended solids concentration in 5 the drainage water because the cyclic irrigation ratios during the cyclic irrigation periods were 6 high and the dilution volumes from the lake water were small. 7 Table 4 shows mass balances for suspended solids load in the district during the irrigation 8 periods. We calculated the suspended solids loads by multiplying the suspended solids 9 concentrations by the flow volumes. The outflow of suspended solids loads during the cyclic 10 irrigation periods were less than those during the lake water irrigation periods, even though 11 the cyclic irrigation periods included the puddling seasons, when the suspended solids load in 12 runoff water from the paddy plots was very high. Clearly, the amount of suspended solids load 13 discharged from the district was reduced during the cyclic irrigation periods. In this section, we discuss the effect of cyclic irrigation on the net suspended solids load 22 during the normal irrigation period, which represents the irrigation period after the puddling 23
season. The net suspended solids load associated with irrigation is defined as the outflow of 24 suspended solids load minus the inflow of suspended solids load (e.g., Takeda et al., 1997).
The net load indicates whether there is an increase or decrease in suspended solids load 1 discharged from the district compared to that in the irrigation water entering the district. A 2 positive value of the net suspended solids load during cyclic irrigation indicates that cyclic 3 irrigation is increasing suspended solids load. 4
The suspended solids load is the product of the suspended solids concentration and the 5 water flow volume, as described above. Thus, the net suspended solids load, L net (kg ha
is given by the following equation: 7
( 1) 8 where C is the suspended solids concentration (mg L -1 ), Q is the water flow volume (mm d -1 ), 9 and the subscripts out and in refer to outflow from and inflow into the district, respectively. In 10 this case, C out is the suspended solids concentration in the drainage water, Q out is the amount 11 of drainage water discharged from the district per day, C in is the suspended solids 12 concentration in the lake water, and Q in is the amount of lake water intake per day. We 13 estimated the relationship between the cyclic irrigation ratio and each variable, as described in 14 the following sections. 15 On the other hand, it is clear that C in is essentially independent of α CI because the impact of 5 drainage water discharged from the district on suspended solids concentration in the lake 6 water would be negligible. C in ranged from 0 to 10 mg L -1 during the irrigation period. The 7 mean value of C in was 4.5 mg L -1 . 8 9
Relationship between the cyclic irrigation ratio and the flow volume 10 11
Consider the water flow during the cyclic irrigation period on a sunny day (Fig. 6) . Q p 12 represents the volume of pumped water and is about 20 mm d -1 . On sunny days, Q p is the only 13 driving force for water flow in the district. We have assumed that water in the paddy field on a 14 sunny day is mainly lost by evapotranspiration and that the amount of leakage water is 15 negligible. In addition, runoff water occurs mainly during rainfall events. Thus, runoff and 16 leakage (water flows from the paddy field into the main drainage canal via the lateral drainage 17 canals) are not depicted in Fig. 6 . 18
Drainage water discharged from the district may potentially equal to the surplus irrigation 19 water, α SW Q p . Cyclic irrigation reduces the outflow of this potential drainage water due to 20 reuse, α CI Q p . Therefore, Q out (actual drainage water) is written: 21
The model of water flow illustrated in Fig. 6 does not consider temporary deficits of inflow 23 water, which in practice are compensated for by decreases in drainage water flow in the main 24 drainage canal. Eq. (2) means that the upper limit of α CI is α SW when water flows out (Q out >0). If α SW < α CI in Eq. (2), another inflow of water from the lake must occur (negative Q out in 1 Fig. 6 ). In that case, L net = -(1 -α SW ) C in Q in ; that is, under these conditions, L net varies with 2 α SW and is negative for any α CI . 3
Cyclic irrigation also reduces the inflow of water (lake water intake), Q in , due to reuse. 4
Thus, Q in is written as follows: 5
These two parameters, α CI and α SW , can be taken as a supply-(source-) and demand-7 (user-) side water use parameter, respectively. 8 
The effect of cyclic irrigation on L net for a given α SW value is illustrated in Fig. 7 . If we 18 replace the right side of Eq. (4) with β, then β varies as a function of both α CI and α SW . 19
Whether the effect of cyclic irrigation represents net contamination or net purification 20 depends on whether the actual concentration ratio (C out /C in ) for a given α CI is above or below 21 the β curve. In addition, the effect of cyclic irrigation at any α CI is net purification if the 22 concentration ratio is less than 1, because the value of β for any combination of α CI and α SW 23 is greater than or equal to 1. 24 Fig. 8 shows the measured concentration ratios during the normal irrigation periods, as wellas five β curves for various values of α SW (=0.2, 0.4, 0.6, 0.8, and 1.0). It is clearly that the 1 effect of cyclic irrigation at high α CI will be net purification even if α SW is high, whereas at 2 low α CI the effect of cyclic irrigation may be net contamination when α SW is greater than 0.6. 3
Though intermediate values of the cyclic irrigation ratio were not used in the district, Fig. 8  4 indicates that conducting cyclic irrigation with a moderate value of α CI will not necessarily 5 cause net purification if increasing α CI increases the concentration ratio. The possibility that 6 increasing α CI increases C out is shown in Fig. 5 . 7 α SW is another important parameter to consider when predicting the effect of cyclic 8 irrigation. When the value of α SW is high, the effect of cyclic irrigation is net contamination 9
for almost all values of α CI . In contrast, the effect of cyclic irrigation is net purification for 10 almost all value of α CI when α SW has a low value. α SW is strongly influenced by weather 11 conditions, especially evapotranspirational demand and rainfall, and by water management 12 practices in the paddy fields. In fact, daily α SW ranged from 0.3 to 0.9 and was high in the 13 spring and low in the summer in the study district. 14 Based on these results, two approaches can be used to produce net purification through 15 cyclic irrigation; increasing α CI and decreasing α SW . Both parameters interact to determine the 16 net effect of cyclic irrigation. Fig. 8 suggests that improving both parameters simultaneously 17 will reduce net suspended solids load more effectively than improving either parameter alone. Drainage water discharged from the district may potentially equal to the surplus irrigation 1 water on a sunny day during the normal irrigation period. Cyclic irrigation reduces the 2 outflow of this potential drainage water due to reuse. The effect of cyclic irrigation on the net 3 suspended solids load can be represented by three ratios: the concentration ratio, which 4 represents the ratio of the suspended solids concentration in drainage water to that in lake 5 water; the cyclic irrigation ratio, which represents the ratio of the volume of reused water to 6 that of irrigation water in cyclic irrigation; and the surplus irrigation water ratio, which 7 represents the ratio of the volume of surplus irrigation water to that of irrigation water. Both 8 the latter parameters interact to determine the net effect of cyclic irrigation. Simultaneously 9 increasing the cyclic irrigation ratio and decreasing the surplus irrigation water ratio is 10 important to maximize purification effect. 11
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